Patients with congenital heart disease who have a morphological right ventricle (RV) serving as a systemic ventricle have an increased incidence of RV dysfunction. A different structural response of microvessels to increased pressure load in the RV is a possible mechanism for this dysfunction. To examine the merit of this hypothesis, we explored the possibility that in the normal heart, the branching architecture of microvasculature in walls of the left ventricle (LV) and RV mature differently. The branching structure of intramyocardial arterioles and their downstream branches were investigated using three-dimensional (3D) micro-computed tomography (CT) images in different regions of the RV and LV walls of normal fetal, 1-mo, and 5-mo old pigs. The results point to a significant difference in the volume of myocardium perfused per vessel cross-sectional area (CSA) between the LV and RV walls at 5 mo. We speculate that this difference may be related to the reserve functional capacity of the LV, which requires a corresponding reserve in the expansion capacity of vasculature in the LV wall. S ome patients with congenital heart disease, such as those with transposition of the great arteries after an atrial surgical correction, have a RV serving as a systemic ventricle. Some of these patients subsequently show a gradual deterioration of RV function (1). Recent study of such patients has shown that abnormal RV function is associated with impaired myocardial perfusion and that this, in turn, is related to a delay of the surgical correction (2). In addition, these patients exhibit reduced coronary flow reserve (3). Conversely, longterm preserved systemic RV function has been reported in some patients after corrective surgery (4), implying that factors associated with early microvascular development may have some impact on impaired RV adaptation to chronic systemic pressure. Recently, Kassab et al. (5) reported that in 3-to 4-mo-old pigs, no major structural differences in branching architecture of the three major coronary arteries were observed. However, because the pigs in that study were relatively mature, the growth-related branching structure of the coronary arteries remains unknown. In sheep, it has been found that myocardial blood flow dramatically changes from the fetus, newborn through adult and that these changes are related to change in work load of both ventricles (6). Based on this background, we hypothesize that the microvascular bed of the RV in the mature animal reduces its ability to respond to the myocardial hypertrophy induced by exposure to systemic pressure late in the maturation phase of the heart and hence results in a gradual deterioration of RV function.
ABSTRACT:
Patients with congenital heart disease who have a morphological right ventricle (RV) serving as a systemic ventricle have an increased incidence of RV dysfunction. A different structural response of microvessels to increased pressure load in the RV is a possible mechanism for this dysfunction. To examine the merit of this hypothesis, we explored the possibility that in the normal heart, the branching architecture of microvasculature in walls of the left ventricle (LV) and RV mature differently. The branching structure of intramyocardial arterioles and their downstream branches were investigated using three-dimensional (3D) micro-computed tomography (CT) images in different regions of the RV and LV walls of normal fetal, 1-mo, and 5-mo old pigs. The results point to a significant difference in the volume of myocardium perfused per vessel cross-sectional area (CSA) between the LV and RV walls at 5 mo. We speculate that this difference may be related to the reserve functional capacity of the LV, which requires a corresponding reserve in the expansion capacity of vasculature in the LV wall. S ome patients with congenital heart disease, such as those with transposition of the great arteries after an atrial surgical correction, have a RV serving as a systemic ventricle. Some of these patients subsequently show a gradual deterioration of RV function (1) . Recent study of such patients has shown that abnormal RV function is associated with impaired myocardial perfusion and that this, in turn, is related to a delay of the surgical correction (2) . In addition, these patients exhibit reduced coronary flow reserve (3) . Conversely, longterm preserved systemic RV function has been reported in some patients after corrective surgery (4) , implying that factors associated with early microvascular development may have some impact on impaired RV adaptation to chronic systemic pressure. Recently, Kassab et al. (5) reported that in 3-to 4-mo-old pigs, no major structural differences in branching architecture of the three major coronary arteries were observed. However, because the pigs in that study were relatively mature, the growth-related branching structure of the coronary arteries remains unknown. In sheep, it has been found that myocardial blood flow dramatically changes from the fetus, newborn through adult and that these changes are related to change in work load of both ventricles (6) . Based on this background, we hypothesize that the microvascular bed of the RV in the mature animal reduces its ability to respond to the myocardial hypertrophy induced by exposure to systemic pressure late in the maturation phase of the heart and hence results in a gradual deterioration of RV function.
METHODS

Specimen acquisition.
All animal studies were approved by the Mayo Foundation's Institutional Animal Care and Use Committee. The study population consisted of three fetuses (gestational age, 98 d), three 1-mo-old and four 5-mo-old pigs. All animals were euthanized with a weight-adjusted intravenous (i.v.) injection of Sleepaway (Fort Dodge Laboratories, Fort Dodge, IA). The average body weight at this time was 0.4 Ϯ 0.02, 10 Ϯ 1, and 62 Ϯ 2 kg in the fetus, 1-mo-old, and 5-mo-old pigs, respectively. After the heart was harvested, the two coronary ostia were cannulated with a 2-mm diameter plastic cannula. For the fetal heart, the cannula was placed in the ascending aorta. To clear the coronary network of blood, 60 mL of heparinized saline was infused (0.9% sodium chloride with 10,000 U/L heparin) in each coronary artery. Then a liquid, low-viscosity polymer containing PbCrO 4 as an opacifying agent (Microfil ® MV-122; Flow Tech, Inc., Carver, MA) was infused at 100 mm Hg for the 1-mo-old and 5-mo-old pig hearts and at 60 mm Hg for the fetal hearts, and this infusion was continued until the compound flowed freely from the coronary sinus. The hearts were then immersed in 10% neutral buffered formalin and refrigerated at 4°C overnight to allow polymerization of the compound. As illustrated at the top of Figure 1 , five transmural specimens about 2.0 cm long and 1.0 cm wide, three from the RV wall (inlet, free wall, and outlet) (7) and two from the LV (free wall and outflow), were removed from each of the 1-mo-old and 5-mo-old pig hearts for micro-CT scanning. The fetal hearts were scanned intact. The specimens were then placed in a 75% alcohol solution. At 15-min intervals, the alcohol concentration was increased to 85%, 95%, and finally to 100% to progressively dehydrate the tissue. The specimens were then immersed in low melting point paraffin wax for subsequent scanning and 3D image reconstruction. The number of animals used and the number of specimens from each animal are summarized in Table 1 .
3D micro-CT reconstruction. Specimens were scanned intact by a micro-CT system described elsewhere (8) . For this study, the micro-CT scanner was configured such that the side dimension of the cubic voxels was 20 m (16-bit gray scale). The resulting 3D images were displayed and analyzed using image analysis software (Analyze ® 6.0, Biomedical Imaging Resource, Mayo Clinic, Rochester, MN).
CT image analysis. Each voxel in a 3D micro-CT image has its own gray-scale value related to the x-ray attenuation of the tissue in that location. Bright values indicate the contrast agent in the vessel lumen, and low gray-scale values indicate muscle and other soft tissue. To separate vessels from tissue, the gray-scale value of a myocardial area without obvious vessels and of the center of a large contrast-filled vessel lumen were first determined. Next, we determined a minimum gray-scale (i.e. segmentation threshold) for all vessels in the specimen by adding 20% of the difference between the gray-scales of tissue and within a large vessel lumen to the gray-scale of the nonopacified myocardium.
Quantitative morphometric analysis of intramyocardial arteriolar trees. Intramyocardial arterioles of approximately 180 to 200 m in diameter were identified and isolated. Representative arterioles for each age group, with their distal branches and sub branches in the RV inlet wall, are shown at the bottom of Figure 1 . Each arteriolar tree was then analyzed to provide values of interbranch segment lumen, diameter, length, and total lumen volume, as illustrated in Figure 2 . The root segment of the main arteriole was considered as being at level 0 (generation 0), its two branches were then considered to be at level 1 (generation 1), and their branches as being at level 2 (generation 2), etc. The j, k notation of Zamir (9) was used to place these segments within the full tree structure of the selected arteriolar tree.
The cumulative length (L 2 ) of a given vascular path was defined as the sum of the lengths of the vessel segments that make up that path as illustrated in Figure 2B (10) . The length of the straight line joining the two ends of the path was then designated as L 1 , and an index of tortuosity of that path was defined as the ratio L 2 /L 1 .
In addition to the lumen diameters of the parent and its larger and smaller daughter branches (d 0 , d 1 , d 2 ), the angles that the two branches make with the direction of the parent branch ( 1 and 2 ) were also measured (Fig. 2C) . The optimum angles that the two branches make with the direction of the parent vessel have been determined theoretically to depend on the bifurcation index ␣ ( ϭ d 2 /d 1 ) (9) and under the idealized conditions of Murray's law (11) whereby the three diameters at a bifurcation are related by:
(1) Blood flow in a vessel segment is driven by a pressure decrease from upstream to the downstream end of the vessel. Under the idealized conditions of Poiseuille flow, this pressure decrease is related to the diameter (d) and length (l) of the vessel and to the flow rate through it as well as the viscosity of the fluid (12) . In a vascular tree, as the flow proceeds along a certain path from one level of the tree to the next, the total pressure drop (⌬P) along that path is the sum of pressure drops along the vessel segments comprising that path. Based on Murray's law (see equation 1), ⌬P along the largest path within the tree, normalized in terms of the absolute value of the pressure drop ⌬P 0 along the first segment within the tree is given by (13) :
where N is the number of vessel segments along the selected path. All the quantities on the right side of this equation are available from our 3D micro-CT images so that the pressure decrease on the left can be evaluated. 
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The total lumen volume of the arteriolar tree was calculated by summing the volume of all the voxels within the image opacified arterial tree. This process was then repeated for each subtree obtained by "pruning" at each junction along the main path. We also calculated the volume of myocardium perfused by that arterial tree and each of these subtrees. For the purpose of this calculation, the binary image of the selected tree was "dilated" by adding voxels to its surface to produce a dilated volume. The rate of increase in the dilated volume was calculated and plotted against the number of voxels added to the vessels' lumens. Initially, this increased in proportion to the surface area of the lumen of the tree. Ultimately, however, a point was reached beyond which the rate of volume increase was markedly reduced. This occurs when the spaces between branches were filled, so that only the outer surface of the dilated volume is subject to further addition of voxels. At this point, the process was terminated. The perfused volume (PV) of tissue by the arteriole was then calculated by simply subtracting the total volume of the arteriolar tree from the final dilated volume. Each pruned branch was dilated to estimate its PV, and all the PVs were plotted against the corresponding branch's lumenal CSA, as shown in Figure 3 (RV inflow region in a 1-mo-old pig). Slopes of regression lines between the CSA and downstream lumen volume and between CSA and PV were calculated.
Statistical analysis. All data are presented as mean Ϯ SD or SE, where appropriate. One-way analysis of variance (ANOVA), followed by Bonferroni's post hoc test with correction for multiple comparisons was used to identify the statistical differences among the three age groups. A repeatedmeasures ANOVA with group and generation interaction was used for the serial measurements of CSA, the pressure decrease along the main path and angle between main and branch paths. Correlation between the continuous variables was analyzed using linear regression analysis. Individual group comparisons were performed by an unpaired student t-test. A value of p Ͻ 0.05 was considered significant in all analyses.
RESULTS
The results in Figure 4 show that as the vascular trees of the ventricular walls develop with age, the arteriolar lengths and number of generations increase, with the latter reaching a plateau in the RV wall at as early as 1 mo. As the Figure 4 shows, there was no difference in the tortuosity among the three age-based groups or between the RV and LV, except for the slightly higher tortuosity in the fetal RV wall (statistically significant, with p Ͻ 0.05). There was no statistically significant difference among the five region-based groups in the number of generations reached in each age group.
The results in Figure 5 , left show that the total vascular lumen volume/CSA increases with age. The PV per unit CSA also increases with age, more so in the LV than in the RV (Fig.  5, right) . The ratio of PV/CSA is significantly higher in the 5-mo-old LV than in the same age RV.
The results in Figure 6 compare the sum of the cubes of the two branch radii with the cube of the parent radius at vascular junctions (left) and the corresponding branching angles at vascular junctions (right), showing very little difference among the age-based groups or between all the locations in the RV and LV walls in each group. The results suggest that the basic 3D structure is established before birth.
The results in Figure 7 show the cumulative pressure decrease along vascular paths within the LV and RV walls and for the three age groups, indicating no major difference between pressure gradients in the microvascular beds of the RV and LV walls. Fetal pig (n ϭ 9 RV, n ϭ 6 LV; solid columns), 1-mo-old pig (n ϭ 10 RV, n ϭ 5 LV; shaded columns) and 5-mo-old pig (n ϭ 9 RV, 6 LV; open columns). At 5 mo, the ratio of RV and LV lumen volume/CSA are comparable, but the ratio of PV/CSA in LV is significantly higher than that in RV. * ‡Statistical significance versus fetal and 1-mo-old pig heart, respectively. †Statistical significance versus RV. Values are mean Ϯ SD. . n values for RV and LV are 9 and 6 for the fetal pig, 10 and 5 for the 1-mo-old pig, and 9 and 6 for the 5-mo-old pig. * †Sta-tistical significance versus fetal and 1-moold pig heart, respectively. ‡Significance between RV and LV. Values are mean Ϯ SD. 
DISCUSSION AND CONCLUSIONS
Micro-CT image and study limitations. An advantage of micro-CT is that a relatively large intact volume of opaque tissue can be analyzed with 3D high-resolution (8) . However, our study has several limitations. First, although our specimens were fixed in the diastolic phase and the arterioles were maximally dilated, it is difficult to precisely reproduce physiologic intracoronary pressures when the postmortem specimens are injected with the Microfil ® . This inevitable difficulty may have some influence on 3D branching structures of arterioles and sometimes made a distinction between artery and vein difficult. Second, true branching generation is unknown in our arterioles because of the limited region sampled by the specimen "biopsy" and spatial resolution. Consequently, we evaluated the same size root arteriole and its downstream "tree" at all ages. Third, our image resolution is around 40 m because our images consist of 20-m cubic voxels. In addition, some technical obstacles such as air bubbles in the Microfil ® within the microvessels might occur during the preparation of specimens, and this would result in "loss" of contrast within the lumen distal to that bubble. Consequently, lumen volumes and PVs would tend to be underestimated. Fourth, analysis of the vascular branching involved a small sample of all possible arteriolar beds in the specimens and analysis was focused on the main arteriole; hence the results may not adequately represent all arteriolar vasculature. Finally, the criterion used for detecting gray-scale thresholds (used to segment microvessels from the other tissue), combined with the decreased "brightness" of smaller branches due to image blurring, we selectively underestimated small-diameter arterioles.
Perfusion territory of the arterioles and its relation to growth. Several investigators have reported a relationship between the CSA of a coronary arterial segment and the volume of myocardial tissue that it perfuses (PV). The ratio PV/CSA in the LV walls of mature rats (14) , dogs (15) , and humans (16 -18) has been reported as 1,500, 6,300, and 14,000 mm, respectively. Our corresponding values in the combined LV wall and outflow tract for the three age groups are 356 (fetal), 934 (1 mo), and 3,269 (5 mo). The value for the 5-mo-old pig is consistent with those reported for other species, and the increase in value with age is consistent with a significant change in the myocardium and its metabolism during maturation, as well as reduced concentration of oxygen and glucose in fetal blood, which may require high cardiac output and/or ensure an oxygen margin of safety in the fetus (19) . Although there was no difference in the PV/CSA ratio between the RV and LV in fetal and 1-mo-old pigs, the ratio was greater in the LV than that of the RV in 5-mo-old pigs. LV weight in rats has been reported to increase four times as fast as RV weight (20) , and myocardial hypertrophy in the normal course of development in sheep has been reported to be much faster in LV than in RV in the early stage of extrauterine life (21) . Along with a limited ability of an increasing number of arterioles after birth (22, 23) , the rapid LV growth may result in larger perfusion territories.
We conclude from our results that the branching characteristics of vasculature in the LV and RV walls are the same and are consistent in general with branching characteristics of vasculature reported in the past (9) . However, the results shown in Figure 5 indicate that values of the PV/CSA ratio in the LV are significantly higher than those in the RV. We speculate that this difference may be related to the reserve functional capacity that the LV is known to have, whereby its work load may vary considerably, much more so than that of the RV. It is also well-known that this reserve functional capacity of the LV is facilitated by a corresponding "coronary flow reserve" whereby coronary blood flow (primarily to the LV) may increase by as much as five-to sixfold (24) . The results shown in Figure 5 also suggest that coronary flow 
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reserve to the LV is provided not by having vessels that have larger calibers than those in the RV but by having greater control over these calibers and hence over the resistance to flow in the LV. To the extent that the RV lacks this facility, it is less able to function under the more demanding conditions under which the LV must function.
In addition to clinical experiences (1,2), the significant difference in coronary capillaries between congenitally and acquired pressure-overload LV walls strongly suggests that age and environmental factors have a strong impact on developing microvessels (25) , and these observations may support our present conclusions, i.e. no initial structural difference in arterioles between RV and LV walls, followed by significantly greater perfusion territories within the mature LV wall. Therefore, investigation of arterioles in the pressure-overload RV wall at different stages of life may answer our initial question.
